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Misalignments are one of the most unfavorable aspects of the capacitive
power transfer (CPT) system, which is inevitable in most of the applications.
Misalignments affect the overall resonances in the circuit and decrease the
power transfer capability and efficiency. In this paper, an automated
electro-mechanical transmitter positioning system is proposed for capacitive
wireless charging to withstand both axial and rotational misalignments. The
system can align the transmitter based on an adaptive algorithm, with respect
to the position of the receiver to mitigate the misalignments. The overall
system is designed using SolidWorks and the algorithm is verified using
Processing. Then, a hardware prototype is constructed in the laboratory. The
accuracy of the proposed system is calculated and compared with the
simulation results. The system can achieve an accuracy of 99.5%, in case of
axial misalignment and an average accuracy of 98.6%, in case of both axial

Receiver and rotational misalignments, which validate the simulation results.
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1. INTRODUCTION

Over the years, fossil fuels have been the primary source of energy used in transportation. Although
the demand for fossil fuel is ever so increasing, one of the major drawbacks of the continuous usage of fossil
fuels is the depletion of fossil fuel reserves in the world. Moreover, burning fossil fuels to generate energy
results in the emission of pollutants such as carbon dioxide (CO2) and other greenhouse gases, which is a root
cause for air pollution. According to a survey in 2017, 28.9% of the total greenhouse gas emissions in the US
was resulted from the transportation sector, and it was 27% in the EU. The electric vehicle (EV) can play a
huge role here to achieve environment-friendly transportation. Plug-in electric vehicles (PEV) have been
proposed as an eco-friendly means of transportation. However, this technology has not gained much
attraction at the consumer level due to some drawbacks related to the energy storage device such as the cost,
size, and weight of the battery along with the slower charging time and low energy density [1]. Extensive
research is going on in the last few decades on the development of wireless power transfer (WPT)
technology-enabled electric vehicle charging to reduce these limitations. The basic advantage of WPT
technology is the reduction of charging hazards and the drawbacks related to wired chargers. Other than that,
several studies are being conducted to implement the WPT technology in such a way that the vehicle on
board battery size could be reduced. The reduction in battery size eventually results in lower cost, reduced
battery weight, and faster charging [2]. The wireless charging scheme can reduce the battery size to 27-44%
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of a PEV battery [3]. Furthermore, compared to PEV, 0.3% less energy consumption and 0.5% of less
greenhouse gas emissions can be achieved through the wireless charging system.

Two techniques-inductive power transfer (IPT) [4], [5] and capacitive power transfer (CPT) [6], [7]
have been used effectively for WPT applications in recent decades. The development of IPT system has been
widely investigated and it is used in numerous applications such as sensor networks [8], biomedical
devices [9], integrated circuits (IC) [10] and electric vehicles [11]. However, IPT has some setbacks such as
electromagnetic radiation, which is pernicious to human health and it produces eddy current losses around
metal objects due to the high-frequency magnetic fields which limit its applications, for example, electric
vehicle charging [12], [13]. CPT can be an attractive alternative to IPT in these kinds of applications [14].
CPT system utilizes high-frequency electric fields as the means of power transfer [15]. CPT system has
several advantages, including less heating, less eddy current losses, the design flexibility of the coupling
structure, and better misalignment tolerance compared to IPT [16].

Although the CPT system provides better misalignment performance compared to IPT system, the
misalignments between transmitter and receiver plates still remain a concern as any misalignment causes the
coupling capacitance to decrease and affects the resonances in the CPT system which altogether degrades the
power efficiency and limits the amount of power transferred wirelessly. For CPT systems, researchers have
used different compensation networks through combination of different inductors (L) and capacitors (C). In
study [17], a double-sided LCLC compensated CPT system was proposed and for a misalignment of 300 mm,
it was observed that the output power decreases by 12.5% of the well-aligned case. In study [18], a four-plate
LCL-compensated capacitive coupler design was proposed and it was shown that for a 300 mm misalignment
along X-axis, the system power dropped approximately 56.4% of that of the completely aligned case. In case
of rotational misalignment, the power ripple was found to be within +5% of the nominal power. For a
double-sided LC compensated CPT system [19], it was presented that for a misalignment of 200 mm, the
mutual capacitance between the transmitter and receiver decreases about 54.2% of the well-aligned case. A
two-plate CPT system proposed in [20]. In this study, it was shown that for a misalignment of 80 mm, the
output power dropped to 46% of the well-aligned case, whereas, the power level reduced to 12% of the
well-aligned case when the misalignment was increased to 150 mm. The misalignments effect was also
investigated in [21] and was noticed that vertically arranged capacitive coupler structure is more sensitive to
misalignments compared to horizontal system. An adaptive robotic arm was proposed for the IPT system so
that it can place the receiving coil on top of the transmitter to get the well alignment between the transmitting
and receiving coils to get the maximum power transfer efficiency [22]. However, the arm was placed on the
vehicle chassis which added complicacy to the vehicle design and increased the vehicle weight as well. Dai
and Ludois [23] have proposed CPT charging through a conformal bumper which reduced the air gap,
minimized the misalignments and confined the field. Nevertheless, there is a direct contact between the
transmitter and the receiver, so it cannot be called as a WPT system.

In this paper, an automated transmitter positioning system is proposed for a capacitive coupled
electric vehicle considering the disadvantageous aspects of misalignment. The transmitter moves in order to
align itself with the receiver in case of any kind of axial and rotational misalignments in the proposed system.
The complete alignment of the transmitter and the receiver is expected to facilitate the output power level and
efficiency.

The paper is organized. The section 2 gives a brief overview of the system. In the section 3,
proposed transmitter positioning system is presented. Hardware implementation of the system is outlined in
section 4. The section 5 delineated the experimental results and discussion. The conclusions are drawn in the
final section.

2. PLATE STRUCTURE AND CIRCUIT MODEL
2.1. Plate structure

The structure and dimensions of a four plate compact capacitive coupler are shown in Figure 1(a).
The structure consists of four metal plates, P; to P4. Plates P; and P, are vertically embedded on the ground in
the same horizontal plane as a transmitter. Plates P; and P4 are also vertically arranged and installed on the
vehicle side as a receiver. The size of plates P1 and P3 are larger than P, and P4. All the plate shapes are
chosen to be square. In this design, the length of P, and P3 is I; and |, is the length of P, and P4. The distance
between the plates on the same side is defined as dc. d is the air gap distance between P, and P4. There is
coupling capacitance between each pair of plates as illustrated in Figure 1(b). As the distance d is much
larger than dc in vehicle charging applications, C12 and Cas will be larger than Ci3 and Cas. Due to the edge
effect of Pi1-P, and P,-P;, there are cross-couplings capacitance Cis and Czs. The equivalent
self-capacitance at the primary side is defined as C; and the secondary side is defined as C,, and the mutual
capacitance is defined as Cw. The relationship between these parameters is shown in (1).
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Figure 1. Design of CPT system (a) structure and dimensions of the plates and (b) coupling capacitors
between the plates [18]
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2.2. Compensation network

A full-bridge inverter based double sided LCL compensation circuit [24] is shown in Figure 2. A
direct current (DC) voltage source, Vin is used at the primary side and a full-bridge metal oxide
semiconductor field effect transistor (MOSFET) inverter converts this dc voltage to alternating current (AC)
in order to provide excitation to the resonant circuit. At the secondary side, a full-bridge uncontrolled diode
rectifier is used to provide current to the load, Vou: Which can represent the battery in the electric vehicle. The
output power, pout can be written as (2):

G1-Cra

Pout = |Vl||ll| = WCM : G

e )

Considering the input dc voltage, Vin and the battery voltage, Vou in Figure 2, (2) can be rewritten as (3):

Cr1-Cra 22V, 242V,
Pou = |VillIi] = wCy - =2 - = = (3)

The equation (3) shows that the output power is approximately proportional to the mutual capacitance, Cw.
So, Cw should be maximized to get the maximum power transfer. There are other compensation topologies
such as LCLC [17], CLLC [25], LCLL [26] and the power and mutual capacitance relationship are same like
LCL.
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Figure 2. Double-sided LCL compensated circuit topology

2.3. Effect of misalignments on mutual capacitance

There are two types of misalignments considered in this paper-axial misalignment (X and Y axis
misalignment) and rotational or angular misalignment. Ansoft Maxwell is used to determine the mutual
capacitance, Cu for different misalignment conditions. For the simulation; ;=440 mm, ;=310 mm,
dc=10 mm and d=150 mm are considered. These dimensions are considered with respect to the dimensions of
the hardware design of the positioning system described later in section 4.

It is seen from Figures 3(a) and 3(b) that, if there is any misalignment along X-axis and
Y-axis respectively, then in both cases the mutual capacitance, Cwv between the transmitter and the receiver
decreases, which will cause deterioration of the system output power and the total efficiency. Cwm is
maximum when there is zero misalignment which is clearly evident from Figures 3(a) and 3(b). Thus, the
goal of this research is to design an automated transmitter positioning system which will compensate
positional deviation between the transmitter and the receiver in order to obtain the zero-misalignment
condition.
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Figure 3. Cy at different misalignment conditions (a) X misalignment and (b) Y misalignment

3. DESIGN OF THE AUTONOMOUS TRANSMITTER POSITIONING SYSTEM

The proposed model of the automated transmitter positioning system is designed using SolidWorks
as detailed in Figure 4(a). The whole system is surrounded by an outer metal frame. Two square
non-conducting plates are collectively considered as the base for the transmitter. On top of these base plates,
the transmitter is mounted. One of these two base plates is static, whereas the other one can rotate around its
center termed as the revolving axis. In order to detect the presence of the receiver, the rotational base is
equipped with five infrared (IR) sensors as shown in Figure 4(b). The rotational base is attached to the static
base through a stepper motor which controls its angular movement. The front shaft of the stepper motor is
connected to the rotational base through two gears to increase the torque output as shown in Figure 5(a). For
the purpose of taking the angular feedback of the rotating base, a rotary encoder is attached to the back shaft
of the stepper motor by means of a belt-pulley system as shown in Figure 5(b). The static base of this cone
penetration test (CPT) system is mounted on two shafts along which it can move in the Y-direction. Clamps
are used to attach the shafts ends with two movable metal frames. Four linear bearings are used to couple the

Int J Elec & Comp Eng, Vol. 12, No. 4, August 2022: 3505-3516



Int J Elec & Comp Eng ISSN: 2088-8708 O 3509

static base with the shafts for the smooth movement of the transmitter which is visible from the rear-view
image depicted in Figure 5(b). The movement along the Y-axis is controlled by a stepper motor and a
belt-pulley mechanism within the movable frame. In order to move the base along the X-axis, this movable
frame is further attached with two shafts through linear bearings. These two shafts are attached firmly with
the outer frame using clamps and another stepper motor and belt-pulley mechanism are used to control the
movement of the movable frames along the X-axis. Moreover, there are three limit switches attached to the
system in order to signify the limits along the X, Y and revolving axis as shown in Figure 4(a). The feedback
from these limit switches is used to retain the transmitter to its initial position after completing the charging
of the battery. The misalignments between the transmitter and the receiver are extenuated based on the
feedback from the sensors and the encoder, affixed to the rotating base depending on an algorithm discussed

in the following section.
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Figure 5. SolidWorks design of (a) the gear mechanism associated with the rotational base and (b) connection
of the rotary encoder

4. HARDWARE SETUP

4.1. Prototype design
The whole system is presented in a block diagram as illustrated in Figure 6. A prototype of our

proposed system is built in the laboratory as shown in Figure 7(a). In our design, two square plates are used
as two bases having dimensions of 460x460 mm; one is static and another one is rotational. On top of the
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static base, the rotational base is mounted. The transmitter plates will be mounted on top of the rotational
base by means of non-conducting material. Since the power transfer is not the main focus of this research,
only the alignment is; the transmitter plates were not attached in the prototype. The capability of the rotating
base at the transmitting side to be aligned with the base at the receiving side was tested for different
combinations of misalignment as this is the same as aligning the transmitter with the receiver. Thus, in this
research the terms rotating base and transmitter are used interchangeably. The outer frame is made of
stainless steel and the dimension is 1220x910 mm. Within the outer frame, an area of 910x910 mm is
covered by the movable metal frames on top of which the static and rotational base at the transmitter side is
attached through shafts and linear bearings. Thus, any misalignments between these areas are expected to be
mitigated by this system. Two of the four shafts are connected to the outer frame with the help of clamps.
Four linear bearings are used to attach the movable frames along these two shafts. The movable frames
contain the remaining two shafts which are connected via clamps. Again, four linear bearings are used to
mount the base plates on top of the two shafts of the movable frames. Five IR proximity sensors are placed
on the rotational base in order to detect the position of the receiver. The sensors 1-4, which are responsible to
mitigate axial misalignment, are placed in the middle of each side of the rotational base and sensor 5 is
placed at the edge of top left corner which is responsible for mitigating the rotational misalignment as shown
in Figure 4(b).

As a power source, AC supply is provided which is converted to 12 VV DC using a rectifier as
illustrated in Figure 6. Then, the power is supplied to the Arduino Mega 2560, which is used as a controller
and the four motor drivers, A4988. The sensors and encoder are powered up by the Arduino and the feedback
from these components is fed to the controller. Depending on the signal, Arduino controls the stepper motor
based on the proposed algorithm. The controller unit of the prototype is shown in Figure 7(b). Only stepper
motor 1 and 2 function in case of axial misalignment. Stepper motor 3 is employed to rotate the base and the
base is connected to the front shaft of the motor through two gear to increase the torque output. The larger
gear has 40 teeth and the smaller one has 14 teeth. Therefore, the degree rotation of revolving axis per step of
stepper motor: ((14/40)x0.225)=0.07875°/step due to the eighth step setting of the driver and the gear
mechanism. For rotational feedback of this axis, a rotary encoder (KY-040) has been employed, which has an
accuracy of 20 pulses per revolution. To improve the accuracy, a belt-pulley system at the back shaft of the
stepper motor is fixed to get encoder pulses from the motor as shown in Figure 7(c). A big pulley is
connected with the motor and has 60 teeth; the smaller pulley has 20 teeth. With gear and belt-pulley setup,
accuracy of the encoder: ((20/60)x(14/40)x18)=2.1°/pulse. Hence, for every 2.1° rotation of the base, the
encoder provides the rotational feedback to the controller.
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Figure 6. Block diagram of the proposed system

Int J Elec & Comp Eng, Vol. 12, No. 4, August 2022: 3505-3516



Int J Elec & Comp Eng ISSN: 2088-8708 O 3511

Arduino
Mega 2560

» Clamp

Stepper
Driver
(A4988)

. Static base for
" Receiver

—» Outer frame

— Static base (b)
- Rotational base

IR Sensor Rotary
—» Belt-Pulley System

Linearsmotion bearing

L shaft ’

. Stepper motor for Belt-Pulley

" y-axis movement 0 7 System
N # Movable frame r Stepper motor
" for rotational
. Stepper motor for movement
7 x-axis movement
(@ (c)
Figure 7. Prototype of the proposed system; (a) complete view, (b) controller unit, and (c) connection of the
rotary encoder

4.2. Formulation of the algorithm

Usually, the drivers are most likely to park their vehicle using the sides of the parking bay as an
alignment guide. The proposed transmitter positioning system along with the alignment guide and the vehicle
parked on the proposed system are illustrated in Figure 8(a) and 8(b) respectively. Moreover, there is an IR
proximity sensor placed on the ground which notifies the driver to stop the vehicle by buzzing a buzzer for a
short amount of time. After getting the feedback from this sensor, the system is powered up and the algorithm
is initiated. The algorithm is written in Arduino IDE and implemented on the microcontroller Arduino Mega
2560. Figure 9 illustrates the basic operation of the proposed algorithm. The algorithm functions in following
the fashion:

Step 1: First, the transmitter is at its initial place which is positioned by the three limit switches. The status

(1 or 0) of the sensors 1 to 4 are read.

Step 2: The transmitter moves in the XY plane with the help of the stepper motors along X and Y axis from

its initial position depending on the feedback from the sensor (s) as indicated in Table 1.

Step 3: When all the four sensors detect the receiving plate, the status of sensor 5 is read.
Step 4: If the sensor 5 does not indicate any reading, that means there is rotational misalignment, and the
transmitter is not completely aligned with the receiver. An iterative process, described as followed:

i) transmitter rotates at an angle of 0.07875° (step angle of the motor) in the clockwise direction,

ii) the status of sensors 1 to 4 are checked again after every 2.1° (resolution of the encoder). If any of

these sensors is out of the bound, the transmitter moves accordingly as indicated in Table 1 in the

XY plane until all the four sensors show the reading, and iii) the process continues until all five

sensors provide the feedback to the controller and the alignment between the transmitter and

receiver is achieved.

After completing the charging of the battery, the vehicle is out of the parking bay. The proximity
sensor as shown in Figure 8 updates the controller about the status of the vehicle. Then, the transmitter is
brought back to its initial position so that the system is ready to initialize another charging process. In order
to assure that, first, the transmitter is rotated in anti-clockwise direction until the limit switch along the
revolving axis gets a reading. After that, the transmitter is moved along the Y axis towards the limit switch as
shown in Figures 4(a) and 4(b). When the transmitter touches this limit switch, the movement of the
transmitter along X axis towards the limit switch is initiated. Upon receiving the feedback from these three
limit switches, the initial position of the transmitter is obtained.
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Figure 9. Flowchart of the proposed algorithm

Feedback from sensors

Rotation of motors

Transmitter movement

Sensor 4 Sensor 3 Sensor 2 Sensor 1 Along X axis Along Y axis Along X axis Along Y axis
0 0 0 0 Clockwise Clockwise Positive Positive
0 0 0 1 X Clockwise X Positive
0 0 1 0 Clockwise X Positive X
0 0 1 1 Clockwise Clockwise Positive Positive
0 1 0 0 X Anti-clockwise X Negative
0 1 1 0 Clockwise Anti-clockwise Positive Negative
0 1 1 1 Clockwise X Positive X
1 0 0 0 Anti-clockwise X Negative X
1 0 0 1 Anti-clockwise Clockwise Negative Positive
1 0 1 1 Clockwise X Positive X
1 1 0 0 Anti-clockwise  Anti-clockwise Negative Negative
1 1 0 1 Anti-clockwise X Negative X
1 1 1 0 X Anti-clockwise X Negative
1 1 1 1 X X X X

*The transmitter movement in the right-hand side and in the upper direction is considered positive and otherwise, negative. x
indicates no rotation of the motors.

4.3. Validation of the algorithm

Our proposed algorithm is validated using processing. The algorithm is tested under different
possible misalignment cases of the receiver with respect to the transmitter. The algorithm works perfectly
fine for every case of misalignments. Two of these cases are illustrated in Figures 10(a) and 10(b).

Int J Elec & Comp Eng, Vol. 12, No. 4, August 2022: 3505-3516



Int J Elec & Comp Eng ISSN: 2088-8708 O 3513

Transmitting Side
I Receiving Side
Proximity Sensor,

Transmitting Side
B Receiving Side
Proximity Sensor

Initial State Final State Initial State Final State

(a) (b)

Figure 10. Validation through processing (a) axial and rotational misalignments and (b) only axial
misalignment

5. RESULTS AND DISCUSSION

The accuracy of the proposed system is experimentally tested under the same misalignment cases,
considered in the software validation and a comparison between simulation results and practical findings are
listed in Table 2. The accuracy is calculated based on the overlapping area between the plates. Moreover, the
time required to compensate for misalignments in the hardware setup is also tabulated. It is observed that the
system can achieve an accuracy of more than 99% for the axial misalignment (X and Y) and about 98% for
both axial and rotational misalignments which is quite consistent with the simulation results. Increasing
overlapping area means increasing the mutual capacitance which will heighten the output power. It can be
seen from Figure 11 that without the proposed transmitter positioning system the mutual capacitance drops
with increasing misalignments but with the proposed positioning system, the system can maintain a constant
mutual capacitance for about 450 mm which is the maximum tolerance limit of the proposed system.

Table 2. Experimental results
Misalignments

Misalignments

Axial Angular  Simulation E;(grftg[ Compen- Axial Angular  Simulation ?e’e)netgl- Compen-
misalignments  misalign-  accuracy Accuracy sation time  misalignments  misalign-  accuracy Accuracy _sation
_(mm) ~ ments ©) (%) %) (s) _(mm) - ments © (%) %) time (s)
Xaxis Y axis Xaxis Y axis
200 100 0 99.67 99.04 6.77 350 400 15 99.21 98.93 35.92
350 400 0 99.67 99.02 135 200 100 20 99.28 98.67 31.21
200 100 5 99.31 98.66 26.96 350 400 20 99.22 98.52 37.29
350 400 5 99.31 98.65 33.69 200 100 25 99.43 98.8 32.76
200 100 10 99.38 98.64 28.41 350 400 25 99.42 98.81 38.57
350 400 10 99.46 98.7 34.71 200 100 30 99.18 98.12 33.98
200 100 15 99.56 98.97 29.5 350 400 30 99.34 97.79 39.74

However, there are some limitations to the proposed system. It is observed that the accuracy is
consistent for only the axial misalignment but when the rotational misalignments are accumulated in the
system, the accuracy is inconsistent. This is due to the possible mismatch between the encoder resolution and
the step angle of the motor associated with rotating the transmitter. Due to the proposed algorithm, the
system checks for any possible axial misalignments due to the angular movement after every 2.1°. Then, the
system adjusts the transmitter to mitigate the axial misalignment and proceeds to mitigating the rotational
misalignment afterward with aid from the motor and the process continues until all the five sensors get the
reading. For example, rotational misalignments of 5° the system adjusts the transmitter two times
(every 2.1°) after the rotation of the transmitter to mitigate the axial misalignments resulting in the change of
rotational angle and finally mitigate both misalignments. Thus, due to this adjustment and the step angle of
the motor, the rotation of the transmitter could be greater or smaller than the actual rotational misalignments.
Hence, accuracy varies randomly depending on the initial axial and rotational misalignments. Therefore, the
encoder and the motor for the rotating axis, having the same resolution could be adopted to get the best
accuracy of the proposed system. Moreover, some errors are amassed due to the sensor position on the base
as sometimes sensors located under the receiving plate provide feedback when the receiving plates are in
close proximity of the sensors (2-3 c¢cm) not exactly on top of it resulting in some non-overlapping area
between the plates. Also, due to the inertia effect, the transmitter tends to move for a fraction of time after
terminating the compensation process resulting in some change in the overlapping area. Also, the stepper
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motor employed for rotating the transmitter is sometimes unable to produce enough torque to provide the
precise angle rotation. Thus, a stepper motor having high torque such as Nema 23 could be utilized to
overcome this limitation. Moreover, the shafts that are used for the X and Y axis are not stiff enough and
vibrate during the operation. Hence, shafts with a higher diameter like 25 mm could be utilized.
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Figure 11. Mutual capacitance with and without proposed system

6. CONCLUSION

In this paper, the main focus was to develop an adaptive transmitter positioning system for a
capacitive power transfer (CPT) system to mitigate the disadvantages associated with the misalignments
between the transmitter and receiver plates of the electric vehicles. In order to operate the adaptive system, an
algorithm was developed in this study which could compensate both axial and angular misalignments
between the transmitter and the receiver irrespective of the system parameters in the system. The physical
design of the proposed system was first developed in SolidWorks and later on, a hardware prototype was
constructed based on the design. The accuracy of the proposed system was validated through a series of
software and hardware tests. The software tests were carried out using Processing where an accuracy of
99.39% was obtained on an average, considering different cases of axial and angular misalignments. On the
contrary, for the same set of misalignments, an average accuracy of 98.6% was obtained in experimental
setup. In light of the software and hardware validations, the proposed system can be considered as a
prospective solution to the misalignments problems associated with the CPT system for static wireless
vehicle charging applications since the system is simple and efficient. In future work, the transmitter will be
mounted on the rotating base and the power transfer stability in case of misalignments will be observed.
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